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Forward Error Correction

“* System & Algorithm Level
«* Architecture Level
«»* Circuilt Level
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System & Algorithm Level

Hamming Code
BCH Code
Reed-Solomon Code
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Hamming Code

* The well-known (2"-1, 2"-n-1) code with Hamming
distance of 3 is capable of correcting 1 error

“* Error syndrome gives the error location
*» Easy to decode, but only correct one error

|
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BCH Codes

*» The cyclic code of length n over GF(q), n co-prime
with g, whose generator polynomial is g(x).

* Binary BCH code: a BCH code on GF(2), i.e., g=2
*» Binary BCH codes are most popular

*+» BCH codes usually correct few bits in a block
“* 1-error correcting or Hamming
% 2-error correcting
*»+ 3-error correcting

*» Encoding and decoding procedures are similar to
those of RS code, except there is no need to
compute error magnitude for binary BCH code

|
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Reed-Solomon Code

“* RS(n,k) consists of all polynomials of degree at most
n that are multiples of the generator polynomial
g(X)=(x-1)(x-al)...(x-a?t1), where o is a primitive
element of GF(2™M)

< Minimum distance between codewords is d=n-k=2t+1,
thus RS(n,k) can correct t symbols

*» 2t erasures can be corrected (an erasure is an error
with known position)

|
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Performance Analysis

Performance of various block codes
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Architecture Level

10Gbps => 3.125Gbps for LX4
3.125Gbps/8 => 390MBps
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RS Encoder
c(X) = xX*'V(X) + p(X) = x“'v(X) + x*'v(x) mod g(X)
Information
data . ial Divi =
» Polynomial Divider \ oo
data

v

“* RS Is a cyclic code and often implemented as a
LFSR with GF(2™) operators
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Parallel Encoding Architecture
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RS Decoder

S(X)o (X) = w(X) mod x*

o(x)
r(x) S(x) > ¢'(x)
: Error Evaluator
Syndrome R Key Equation 2
Calculator Solver
Error Corrector
@(X)

v

Delay Buffer

I
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Key Equation
Solver

;(X)
° R

»

,(x)

Delay Buffer 1

Error Evaluator
&
Error Corrector

Parallel Decoding Architecture

S(x)o (X) = @(x) mod x*

c,'(X)

a

05(X)
—>

wz(x)‘

Delay Buffer 2

Error Evaluator
&
Error Corrector

C,'(X)
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r(X) | syndrome | Si(X) ‘
Calculator g
>
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Calculator
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Circuit Level

10Gbps => 3.125Gbps for LX4
3.125Gbps/8 => 390MHz => 2.5ns
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Optical Communication System

** Forward Error Correcting
*»Data rate: ~10Gbps
“*Operation frequency: 625MHz
“*Clock period: 1.6ns

“* Reed-Solomon Codec: RS(255,239)
**Finite Field Arithmetic
“»Fixed constant coefficients
+»Parallel and Pipeline techniques

|
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Finite Field Arithmetic

*» GF2M={0,1,e, &, ..., &®™?%}
* a s the root of a primitive polynomial p(x)
% If m=8 and p(X)=1+x%+x3+x*+x8

then a can be represented as (in vector form)
a = (0100_0000), ¢?= (0010_0000), ..., ¢8 = (1011_1000), ...

*» Three operations:
+ Finite Field Adder (FFA)
* Finite Field Multiplier (FFM)

* Finite Field Inversion (FFI)

|
NTU/NSC Confidential "n 1E



ACCESS IC Graduate Institute of Electronics Engineering, NTU

Finite Field Adder

** Let A,B are two arbitrary symbols (in polynomial form)

-1
aa' =a,+aa’ +---+a

3

m-1

A a"t+a a

m_

o

a,b =104

3
'—\

oy,
Il

i 1 m-2 m-1
ba' =b,+boa +---+b, ,a" " +b, &

C=A®B=a(xor)b ,(0<i<m-1)

i=0

I
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Finite Field Multiplier
C=(AxB)mod p=(Amod p)x B

bO
fo,o fO,m—l b1
= Z(A, p)B= K :

=
>
@
D

, <a1 j-1 ; J =0
Ui -))a ) P8 j=1~n-1
t=0

"

1 x=0 n ;=0 .
u(x) = qu{ql ' ! J1=1~n-.
0 x<O GijatGana®h; J=1-n-1

;]=0~n-1
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Finite Field Multiplier

% If m=8 and p(X)=1+x>+x3+x*+x8, then

% & % & % &+ R A+E T+

& & % % & & &+a &+ TS

& q+a FHh+ &+ A+ L+&+a Lt +g+a TR+ +G
7 |3 &TE ATEFTE FHHETG q+aTay G+ +F+d L+H+TE+G ZTRL T4 TS

& &+d BTG +TE ATEHTFTE FTYTE TG KT+ &+ata, q+a,+a+a

% & &+ & +3+a AFrE+G+ey Gt +d H+TL+E &ta+a,

% & E &+ R AFrE+G+e Gttt +d {+A+a

& & & & &+a &+ TS AHE++a GHta+E+a |

“* When A is a constant, it requires less silicon area

|
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Finite Field Inversion

1 & o g
R LS It %

< Need squaring and multiplier miteration
“+ Can be designed using combinational logic
* Only used one in RS decoding process

|
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Finite Field Arithmetic GF(28)

** Finite Field Addition (FFA)
24 gates // 8 cells
0.37 ns
¢ Finite Field Multiplication (FFM)
287 gates // 158 cells
“4.11 ns

“* Finite Field Inversion (FFI)
“+ 661 gates // 537 cells
©4.84 ns

|
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Array FFM Implementation

; A7 A6 A5 A4 A3 A2 Al A0
x B7 B6 B5 B4 B3 B2 Bl BO

1
1
1
! ' A7B0 ABBO A5B0 A4B0 A3B0 A2B0 A1BO AOBO
: Ca7B1 A6B1 A5B1 A4B1 A3B1 A2B1 A1B1 AOBL
:
1
1
1

A7B2 A6B2 ASB2 A4B2 A3B2 A2B2 A1B2 AOB2
A7B3 A6B3 A5B3 A4B3 A3B3 A2B3 A1B3 AOB3
A7B4 A6B4 A5B4 A4B4IA3B4 A2B4 A1B4 AOB4
' A7B5 A6B5 A5B5 A4B5 A3B5!A2B5 A1B5 AOB5
A7B6 A6B6 A5B6 A4B6 A3B6 A2B6 A1B6 AOB6
A6B7 A5B7 A4B7 A3B7 A2B7 A1B7,A0B7

A7TB7 N1 ATBT ATBT A7TB7
Cr C6 C5 C4 C3 C2 C1 cCoO

:
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Pipeline FFM

+» Search similar term
% X17, X27, X37, X57, X06, X46,
% X12, X23, X34, X45, X56, X13.

** Pipelinel
% First Stage: 3T, (12XOR+15X0OR)
“ Finial Stage: 1T 5\p + 3Txor (64AND+56XOR)

** Pipeline2
% First Stage: 3T,og + 1T o\p (12XOR+15XOR+64AND)
% Finial Stage: 3T, (56X0OR)

|
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A pipelined fully-parallel multiplier —
over GF(2%)

gha | diz eliz

Parallel
Multiplication
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2 do
O o iy iy —— - -- F|||}E'|||1E'

Parellzl
Maodular
Reduction

Pipeline
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Conclusions

“* FEC greatly improve BER for given SNR

“* FEC Design Issues
“*RS(255,239)+RS(255,239)/BCH(4359,4320)
“*High speed VLSI architecture
“»Low cost
“*Low power

|
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0.25um Cell Library

=D
i
b =7

Cell Size
Dirive Strength Heailght {Lm) | Width {um)
KOR2XL fi.4 7.2
KORZX .4 8.1
KOR2X2 fi.4 0.0
KOR2ZX4 fi.4 16.2
Legic Symbal
B — v
E —
Call Size
Drive Strength | Haight (um) | Width {um)
AMD2EL .4 A6
AMD2X 6.4 A6
AND2X2 .4 1.6
AND2x4 .4 6.3

46.08

103.68

23.04

40.32
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Delays at 25°C, 2.5V, Typical Process

Intrinsic Delay (ns)
Description
XL X1 X2 X4
A YT 0.229 0.209 0.197 0.153
A - vl 0.238 0.194 0.167 0.156
B - YT 0.329 0.189 0.162 0.161
B - Yl 0.346 0.216 0.186 0.184
Delays at 25°C, 2.5V, Typical Process
Intrinsic Delay (ns)
Description
XL X1 X2 X4
A - YT 0.114 0.120 0.095 0.086
A Yl 0.158 0.179 0.141 0.125
B — YT 0.122 0.127 0.101 0.091
B — Yl 0.183 0.203 0.162 0.145
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